Introduction
Oil shale, a sedimentary rock found in many regions of the world, is largely used as a fossil fuel to generate electrical energy or higher value fuels. More than 600 deposits are known all over the world [1] , the most vast ones of which are found in U.S.A., China, Brazil and Estonia [2] . Oil shale offers a reasonable alternative to conventional energy resources such as crude oil, coal and natural gas. Estonia has large resources of oil shale and today, approximately 90% of the country's electricity is produced in thermal power plants operating on oil shale as fuel [1, 3] . Oil shale consists of an insoluble organic part called kerogen and of a rich inorganic part, which consists mostly of a wide selection of mineral components (quartz, calcite, dolomite, etc.) [4] . The kerogen part has a complex cross-linked structure and high molecular weight up to 3000 [5] . For example, the kerogen from Estonian oil shale has the dominating functionalities of alcohols, ketones, amines and ethers, and also long aliphatic chains [6] . Compared to oil shale found in different countries, Estonian oil shale has a relatively high content of carbonate minerals [2] . The organic part has a relatively high content of hydrogen -the atomic ratio of H/C is 1.4-1.5 and the atomic ratio of O/C is 0.16-0.2 [2] , which makes it hard to distinguish between Type I and Type II kerogens [7] . In comparison, the oil shale from Colorado, U.S.A., which originates from the Eocene age, has an organic carbon content of only 11-16%. The oil shale from Maoming, China, is known to have an organic carbon content of about 14% [8] .
During pyrolysis upon heating in an inert atmosphere oil shale kerogen is first converted into a viscous mixture of hydrocarbons called bitumen, and then into final products such as shale oil (a mixture of shorter length hydrocarbons). The byproduct of the process is solid carbon rich oil shale semicoke [9] . Due to the complex structure of kerogen, several bonds are broken during the pyrolysis process, leading to multiple reactions [10] . Beside the oil shale thermal treatment, solvent extraction techniques can be used to extract shale oil from oil shale. The downside of the solvent extraction technique is that it requires solvents that are harmful to the environment and are problematic or expensive to use in the industry on a large scale [11] .
Oil shale pyrolysis consists of three main processes: 1) water evaporation at lower temperatures (below 200 ºC), 2) pyrolysis of kerogen (from 200 up to 600 ºC), and 3) decomposition of carbonates (at temperatures above 700 ºC) [12, 13] . Normally the pyrolysis process is studied in an inert atmosphere, for example such as N 2 gas, thereby avoiding the oxidation of the sample. There are numerous studies on the thermal decomposition and kinetic calculations of various oil shale samples available in the literature and therefore, several decomposition kinetic rate models have been suggested [12, [14] [15] [16] . The majority of those kinetic models consider kerogen decomposition in the pyrolysis process as a first order reaction. Previous research has shown that changing the carrier gas from N 2 to CO 2 does not considerably change the total weight loss or the mechanism of kerogen decomposition, since the oil shale semicoke's carbon oxidation in CO 2 occurs at way higher temperatures. In addition, the decomposition of carbonates in oil shale is reported to be retarded in CO 2 environment [17] .
Thermogravimetric apparatus (TGA) is a widely used instrument to analyze the kinetics of thermal decomposition of various solids and liquids because of its clear advantages -ability to set a defined atmosphere and apply a wide range of heating rates. When TGA operates together with the differential scanning calorimeter (DSC), the resulting reaction thermal effects can be identified and quantified. From the TGA raw data one can calculate kinetic rate parameters for the reaction by applying the existing theoretical model [18] . Isothermal and non-isothermal TGA approaches have been widely used to study oil shale thermal behavior [11, 13, [19] [20] [21] in various conditions. Most of the oil shale kerogen decomposition reaction rate kinetic data are fitted to a first order model from which the kinetic parameters such as pre-exponential factor and activation energy are calculated. It has been noted that the non-isothermal TGA approach can simulate the conditions in commercial-scale oil shale retorting systems [14] .
In order to further optimize the process conditions and retort dimensions, there is a clear need to investigate oil shale pyrolysis kinetics. Analyzing US, Chinese and Estonian oil shale samples can provide answers to whether similar units and/or similar technological processes are applicable to oil shales of varying origin, age and composition. As of today, there are several studies, which have reported wall-to-wall kinetic parameter values (activation energy values from 13 to 215 kJ/mol) for the oil shale decomposition rate reaction [5, 18, [22] [23] [24] . Thus this research also aims to offer clarification to the range of kinetic parameter values for oil shale pyrolysis in the temperature range from 300 to 500 ºC at modest heating rates.
Experimental

Materials tested
Oil shale samples used in this investigation were from the subsequent locations and are named in this research as follows: Estonian -from an underground mine called "Estonia" in Estonia; Green River 1 -from the Green River shale formation, Colorado, U.S.A.; Green River 2 -from the Green River shale formation, U.S.A.; Kentucky -from the New Albany shale formation, Kentucky, U.S.A.; Chinese 1 and Chinese 2 -from the Maoming mine, Guangdong Province, Southwest China with the local classifications of C and A, respectively.
All oil shale samples used in pyrolysis tests were previously dried, crushed (if needed) and sieved (1 mm opening). The results of elemental analysis of oil shales tested are given in Table 1 . 
Experimental setup and methods applied
The recommendations presented in [25] for collecting experimental thermal analysis data were followed in this study. The kinetics of all oil shale samples was investigated with the NETZSCH STA 449 F3 Jupiter ® TG-DSC apparatus. In order to avoid mass transfer limitations, a thin layer of 20 ± 1 mg of oil shale was placed into Pt/Rh alloy crucibles with removable thin walled liners of Al 2 O 3 during the pyrolysis experiments. Oil shale samples were heated from 40 to 950 ºC using a linear heating rate of 20 °C min -1 . A carrier gas flow of 50 ml/min of high purity N 2 gas was used for all the experiments. Prior to each pyrolysis test the TGA system was flushed with high purity N 2 gas to remove any residual air. The temperature and enthalpy calibrations of the apparatus were done using In, Sn, Zn, Al and Au standards. In order to eliminate buoyancy effects during the furnace heat-up cycle, empty crucible experiment background mass data were recorded and subtracted from each oil shale measurement data set. Excellent reproducibility (for two or three parallel measurements) was observed for the mass loss curves. All the reported final results are the average values of the conducted repeated measurements.
Characteristic oil shale decomposition temperatures were recorded at the start of thermal decomposition (T s ), at the temperature when maximum mass loss rate occurred (T max ), and at the end of thermal decomposition (T e ). T s and T e temperatures were set according to the intersection of the tangents and T max as the temperature value corresponding to the maximum decomposition rate. These characteristic temperatures can be seen in Figure 1 . 
Decomposition reaction kinetic parameters
According to Rajeshwar [15] the general reaction mechanism of oil shale kerogen decomposition is as follows:
Oil shale kerogen pyrolytic bitumen oil gas
In the initial stages of the decomposition process, species with low molecular weight are distilled and in the second step, long hydrocarbon chains are cracked into smaller hydrocarbon molecules [22] . Therefore, during oil shale decomposition the reaction occurs in two zones. This theory is supported by use of mass spectrometry for shale oil compositional measurements [20] .
Kinetic parameters such as activation energy and pre-exponential factor of decomposition are often obtained from the decomposition reaction rate expression. The kinetics may be represented as follows [26] :
where α is the fraction reacted in time t, k is the rate constant and the function f(α) depends on the decomposition mechanism. The rate constant k can be explained by the Arrhenius equation:
where A is the frequency or pre-exponential factor, E is the activation energy and R is the universal gas constant. The conversion of kerogen to products at any time t can be defined as fractional weight loss (α):
where W 0 is the initial weight of the sample, W t is the weight of the sample at time t (variable), and W f is the final mass at the end of the reaction. Due to the moisture content of some samples, the conversion α was recalculated to zero at 200 ºC, so that the kinetic parameters would only be representative of the pyrolysis of dry kerogen. The Coats-Redfern integral method was used to determine whether the decomposition involves one or two zones and to obtain the respective activation energy and pre-exponential factor values [15] . Using the Arrhenius equation and combining it with a linear heating rate β, and integrating, one gets [27] :
For the reaction order of n = 1, Equation 4 can be written as follows:
Therefore, a plot of ln[-ln(1-α)/T 2 ] vs 1/T should result in a straight line with the slope of -E/R and an intercept of ln(AR/βE). The presence of a 'breaking point' in the data confirms that there are two consecutive zones during the decomposition reaction.
The second kinetic analysis method used in this paper was the direct Arrhenius method [15] . When combining the aforementioned decomposition reaction (1) and combining it with the Arrhenius equation (2), in case of a non-isothermal measurement with a linear heating rate (β), the conversion can be described as:
Therefore, in case of n = 1, a plot of ln[(dα/dT)/(1-α)], also stated as ln k vs 1/T, will yield a straight line from which E and A can be calculated from the slope and intercept, respectively. Figure 2 shows the weight loss data for the pre-dried samples of American, Chinese and Estonian oil shales as a function of temperature heated with a constant heating rate of 20 °C min -1 in a N 2 atmosphere. As can be seen from the figure, all the samples exhibit different mass loss magnitudes. Little if any mass loss below 200 ºC is assigned to the evaporation of water and is not displayed in Figure 2 . Estonian oil shale shows the greatest total mass loss of 47 %, including both organic matter and carbonate part decomposition. The Green River 1 oil shale exhibits a quite similar mass loss profile with a total mass loss of 42%. The Green River 2 sample can be considered somewhat similar to the abovementioned samples, since it shows similar steps but in smaller magnitude -the total mass loss is 35%. The mass losses of Kentucky, Chinese 1 and Chinese 2 oil shale samples are noticeably different from those of the aforesaid samples -these samples have a slightly smaller total mass loss (only up to 28 %). The Chinese 1 sample exhibits carbonate mineral decomposition of about just 6%, however, Chinese 2 and Kentucky oil shales do not seem to contain any carbonate mineral. It is worth noting that the mass loss of Chinese 2 and Kentucky oil shales does not remain constant (a constant negative slope) during the heating at a temperature beyond 600 ºC. This behavior of the sample might be due to the mineral portion reduction during the heating in an inert atmosphere. If compared to the other oil shale samples, Estonian oil shale has the highest carbonate mineral content (22%). As can be also seen from Figure 2 and Table 2 , the total extractable kerogen content varies from 12 to 27%, respectively, for the samples of Kentucky and Green River 1.
Results and discussion
Oil shale organic and mineral contents
As seen from the figure, most oil shale powders were dry prior to the analysis. The first mass loss (between 300 and 550 °C) is attributed to the pyrolysis of oil shale in inert N 2 gas atmosphere when heated at 20 °C/min. The second mass loss (between 650 and 850 °C) is ascribed to the decomposition of oil shale carbonates.
Characteristic temperatures for the decomposition reaction for oil shale samples tested are cumulatively shown in Table 2 . As can be seen from the table, the Green River 1 oil shale sample exhibits the highest determined temperature values, indicating low kerogen reactivity or delayed decomposition reaction if compared to the other samples. On the contrary, the samples Kentucky and Green River 1 have the most delayed thermal decomposition and therefore the highest temperatures at maximum mass loss rate, although the extent of the reaction (temperature difference between the start and end of thermal decomposition) is the highest. It seems Kentucky oil shale kerogen is most reactive if compared to the rest of oil shales in the sample Table 2 ), where it is shown that Estonian, Green River 1 and Chinese 2 oil shale samples exhibited the highest oil yields. Fischer Assay oil yield, in percent (%), was calculated from the kerogen content according to Cook [28] . The Fischer Assay oil yields in this study are quite comparable to those presented in the work of Goldfarb et al. [9] , except the Estonian oil shale yield. It should be noted that the Estonian oil shale used in [9] was from "Aidu" mine, however, this study employed a sample from "Estonia" mine. T s and T e temperatures were not determined for Chinese oil shale samples due to the shape of their mass loss curves -in this case the intersection of tangents would not give meaningful temperature values.
As Table 2 shows, the organic content is the highest in Estonian, Green River 1 and Chinese 2 oil shale samples, however, the highest carbonate content is in Estonian and Green River 2 oil shale samples.
The main mass loss occurring at temperatures below around 600 ºC is attributed to the decomposition of kerogen present in oil shale [22] . It is known that the pyrolysis process temperature is related to the rate of weight loss, since higher temperatures cause greater weight loss or higher oil yields [14] . In our case, complete decomposition of organics occurs at temperatures up to 550 ºC. Above 650 ºC, the decomposition of carbonate minerals as well as changes in the chemical structure of clay minerals takes place. As can be seen from the results in Table 2 , the mass loss originating from the decomposition of Green River 1 carbonates is smaller than for the decomposition of the same oil shale kerogen. It is interesting that for the Green River 2 sample, in opposite, the magnitude of kerogen decomposition is smaller than the step of decomposition of carbonates. The temperature values, between which the kerogen decomposition reaction occurs, are about the same for Estonian and both Green River samples. The results in Table 2 also reveal that the organic content is more or less the same for Estonian, Green River 1 and Chinese 2 samples, ranging from 24 to 27%. Figure 3 depicts the differential TGA rate curves of the analyzed samples. As seen from the graph (and results in Table 2 ), the maxima of various oil shale decomposition rates are more or less similar ranging from 465 to 483 °C. There seems to be no correlation between the extent of the kerogen decomposition and the temperatures recorded at maximum rate. Although, Chinese 2 and Kentucky oil shales exhibit a continuous very slow mass loss and therefore the differential mass loss curve does not show any peaks. Additionally, it can be seen that the larger the carbonate mineral decomposition step (in %), the more intense the peak and the more delayed the peak maximum. The results in Table 2 demonstrate that the characteristic thermal temperatures of oil shale kerogen decomposition are in more or less the same range, and therefore it seems that the reaction rate is independent of the origin, age and composition of oil shale.
As seen from Figure 3 , pyrolysis in all oil shale samples tested begins at around 300 °C, and is over at about 530 °C. Estonian and US Green River 1 are the highest kerogen oil shales. Independent of the origin of oil shale, as expected, the decomposition of carbonate minerals begins at around 650 °C. Estonian, US Green River 2 and US Green River 1 samples have the highest carbonate content.
The assumption of first-order reactions seems reasonable due to uniform Gaussian distribution style differential rate curves (see Fig. 3 ) for all oil shales. Long tail of the differential rate curve would suggest rate order to be over 1, and long heads of the curve would suggest rate order to be below 1. None of this is the case, and therefore assumption of first order kinetics during decomposition seems reasonable.
As a summary of this section, oil shale samples investigated in this work have different mass loss and differential mass loss rate profiles due to their different origin and composition. However, oil shale kerogen decomposition reaction rates seem to be independent of oil shale origin and composition.
Oil shale decomposition kinetic parameters and their comparison to literature data
As mentioned in the Experimental section, the Coats-Redfern integral and direct Arrhenius plot methods were used to calculate the kinetic rate parameters such as pre-exponential factor and activation energy. Their common advantage is that the presence of a distinct "breaking point" at certain temperatures (see Figs. 4 and 5) in the data plot verifies that there might be two consecutive reaction zones with slightly different temperature ranges. This can be explained as a change in the rate of decomposition at some critical temperature. The difficulties associated with clearly determining this "breaking point" are related to various reactions taking place during oil shale decomposition, which do overlap to some extent and could therefore influence the calculated rate parameters. Figure 4 represents the direct Arrhenius plot method analysis results. As can be seen from the presented results, the decomposition rate proceeds in two zones where firstly the kerogen decomposes into pyrolytic bitumen, which is then further converted to complicated hydrocarbons with varying length as previously seen in the literature [22, 29] . It should be noted that in the lower temperature zone for each oil shale, the data dispersion is the highest (R 2 values are relatively low) if compared to the second reaction zone. In addition it can be seen from the graph that Estonian oil shale seems to be slightly different from the other samples -the "breaking point" is at a lower temperature. Figure 4 shows that the uncertainty of kinetic parameter values obtained in the z1 zone is relatively high when the Arrhenius method is applied. The correlation factors in z1 range from 0.66 up to 0.91, however, in the z2 temperature zone the correlation factors are relatively high, ranging from 0.98 up to 0.99, suggesting excellent kinetic parameters for all oil shales tested. differently shaped rate curves. The other three oil shale data sets show significant overlapping in the two zone "breaking point" temperature region and therefore are not shown. Similarly to the direct Arrhenius method, the results in Figure 5 reveal the existence of two consecutive rate zones during the decomposition reaction. Both zones in Figure 5 are separated with a vertical brown line, which divides "zone 1" and "zone 2" data. The results demonstrate a close linear fitting with R 2 coefficients ranging from 0.96 to 0.99 over the used temperature ranges. Similarly to the results shown in Figure 4 and Figure 5 , Estonian oil shale seems to exhibit a higher rate of decomposition. This is due to the higher organic/mineral ratio in oil shale. Figure 5 shows that the uncertainty of kinetic parameter values obtained in the z1 zone is relatively low, the linear correlation factors range from 0.96 to 0.99. The correlation factors in the z2 temperature zone range from 0.96 up to 0.99, suggesting excellent kinetic parameters for all oil shales tested. It is noticeable that the R 2 values are considerably higher for the Coats-Redfern method (Fig. 5 ) than for the direct Arrhenius plot method (Fig. 4) , which suggests that the Coats-Redfern model fits oil shale decomposition data more precisely than the Arrhenius method. The latter method gives a closer correlation between kinetic parameters in the higher temperature zone (zone 2) in which the cracking of hydrocarbons occurs. It is evident that when using the direct Arrhenius plot method for the lower temperature zone, the correlation coefficients are quite low for Estonian and Green River 2 oil shales. As both of the samples contain about 20% carbonate minerals, the mineral matrix may have a catalytic effect on the on-going reactions in the organic portion. This will be discussed later. For the Estonian oil shale sample, the dispersion of the obtained kinetic parameters is significantly higher than for the other oil shale samples. This might be due to the difference in the composition of oil shale samples, but also possibly due to the different chemical and physical behavior of organic and inorganic portions, since it is not exactly known which chemical or physical changes or molecular rearrangements take place during the heating process.
Qing et al. [29] have reported Chinese Huadian oil shale decomposition kinetics, applying similarly both the direct Arrhenius plot and Coats-Redfern methods. That study shows better rate data correlation with the Arrhenius method, which supports the findings of the current paper. The main difference is that Qing et al. have calculated their kinetic parameters for a single reaction zone, combining all organics decomposition data, but in this research we present activation energy calculations for two reaction zones without eliminating any data points near the breaking point.
The activation energy values calculated both in low and high temperature zones for all oil shales tested are presented in Figure 6 . In this figure "zone 1" denotes the lower temperature region reaction zone and "zone 2" the higher temperature region reaction zone. As seen from the results in Figure 6 , independent of the origin of oil shale, the activation energy values in zone 1 are significantly lower, ranging from 14 up to 31 kJ/mol, however, those in zone 2 range from 70 up to 149 kJ/mol. Also, Figure 6 shows that the Coats-Redfern method yields a lower deviation of the obtained kinetic parameter values and a better fit to the data for all oil shales tested, especially for the lower temperature range reaction zone. However, consistently for all oil shales, the direct Arrhenius plot method yields higher activation energy values. An issue that has been discussed in several articles before is the possible catalytic effect of minerals on the pyrolysis of organics in oil shale. It has been shown by Yan et al. [30] that the mineral matrix (mostly carbonates and silicates) in oil shale promotes the decomposition of organic matter during the pyrolysis processthe minerals can affect the organic matter decomposition, and therefore alter kinetic parameter values.
The comparison of activation energy and pre-exponential factor values with the data presented in the literature is shown in Table 3 [12, [31] [32] [33] [34] . These results demonstrate that the activation energy values obtained in this work are very similar to those reported by Braun and Rothman (44.6 to 177.6 kJ/mol) for Green River oil shale [31] . The researchers indicated that the activation energy values of the decomposition reaction low temperature zone are lower because of the weaker bonds existing in organics decomposing in the early stages of the process. With the decomposition reaction progressing, the stronger bond organics decompose and the activation energy increases. These results are in correlation with those obtained by Kök and Iscan [23] , who reported activation energy calculation for different oil shale samples from Turkey with results falling into the same range. Tiwari and Deo [10] have shown the activation energy values for Green River oil shale decomposition ranging from 95 to 245 kJ/mol, with uncertainties of about 10%. Liu et al. [13] have calculated the activation energy values for three steps of decomposition of Chinese oil shale samples and obtained the figures in the range of 54 to 277 kJ/mol. The results obtained in this paper are smaller than those reported in the literature. This is not surprising since the samples have different origins and are found in different geological environments. x -calculated using different heating rates, y -total mean value As the table shows, the zone 1 activation energy values obtained in this research are in good agreement with the literature data, however, the activation energy values for zone 2 reported in this paper are somewhat lower than the ones published previously.
The kinetic parameter values presented above could potentially differ if common catalysts were eliminated from oil shale prior to its pyrolysis experiment. In this study, we did not eliminate the mineral part prior to the pyrolysis and therefore, our kinetic parameter values represent kinetics with potential catalytic effects. As evidenced from the results presented in Table 3 , the activation energy of Kentucky oil shale (which contains no carbonate minerals) has no clear trend if compared to that of Green River 1 (14% carbonates). However, it has been reported that carbonate minerals provide a catalytic effect on pyrolysis kinetics and thereby, lower the activation energy [22] . In our investigations, such a clear catalytic effect of the carbonate part has not been observed. According to Rajeshwar [15] , there should not be any difference in the calculated kinetic parameter values depending on whether kerogen was previously extracted from oil shale or not. Another study has reported that when oil shale vs pure kerogen decomposition TGA curves are compared at different heating rates, the decomposition of oil shale is faster if compared to pure kerogen decomposition, suggesting catalytic effects of minerals present in oil shale [22] . However, Aboulkas and El Harfi [18] observed delayed kinetics for oil shale if compared to the kinetics of pure kerogen. As stated by Al-Harahsheh et al. [22] , the minerals could offer catalytic effects and therefore enhance heat transfer in oil shale particles, thereby increasing the cracking during pyrolysis. Further study is needed to investigate the catalytic effects of minerals present in oil shale on its pyrolysis kinetics.
The oil shale pyrolysis kinetic parameter values obtained in this investigation were more or less the same for all oil shales tested in either decomposition temperature zone if a heating rate of 20 °C min -1 was applied. Indeed, altering the heating rate might somewhat provide different kinetic parameter values, however, more practical use heating rates (such as in an actual oil shale retort) cannot be obtained with the conventional TGA method. Further study is required to investigate the effect of heating rates applied (heating rates which are more comparable to those of the actual retort process) on oil shale decomposition kinetics.
Conclusions
This paper offers the results of the pyrolysis kinetics of American, Chinese and Estonian oil shales applying TGA. The oil shales tested exhibited dissimilar thermal decomposition extents depending on their kerogen content. The activation energy and pre-exponential factor values were obtained applying the direct Arrhenius plot and Coats-Redfern integral methods. Independent of the origin of oil shale the decomposition of kerogen portion proceeds in two temperature zones -in the low temperature zone (kerogen decomposition to bitumen), and in the consequent high temperature zone (a cracking step and the formation of various hydrocarbons). As evidenced from the presented results, both temperature zones exhibit considerably dissimilar activation energy and pre-exponential factor values. There were no clear relationships between the kinetic parameter values recorded if the results from two methods were compared. The Arrhenius plot method yielded the activation energy values in the range of 19 to 30 kJ/mol and 97 to 159 kJ/mol, respectively, for the two occurring temperature zones. The respective figures for the Coats-Redfern integral method were in the range of 14 to 31 kJ/mol and 70 to 116 kJ/mol.
